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INTRODUCTION 
The Problem 
Prevalent economic and social trends indicate that the 
demand for pulp and paper products will increase in the future 
(Hair, 1967). Also, land formerly available for forestry will 
decrease. Foresters, therefore, will be forced to meet the rising 
demand for fiber with fewer productive areas. Intensive forest 
management allows for the concentration of fiber production, 
thereby releasing other acreage for alternative land uses. 
The identification and measurement of environmental factors 
that control plant growth and physiology are important for 
efficient intensive forest management. 
Ultimately fiber yield is determined by the quantity of 
puotùsyïituâ.£c produced, tnê âsuùuût lost through respiration and 
other processes, and the proportion of the photosynthesis-respiration 
differential that is sequestered for fiber production. The 
aim of silviculture is not only to increase photosynthetic 
production and to decrease respiratory losses, but also to 
divert a greater proportion of the photosynthetic-respiration 
differential into useable fiber (Larson and Gordon, 1969a). 
To accomplish this, the effects of environmental factors on 
tree growth and on fundamental physiological processes under­
lying production must be understood. In these studies, I have 
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attempted to define the relationship between light intensity 
during growth and dry weight accumulation, photosynthesis, res­
piration and nitrate reductase activity.for four Populus x 
eurarsericana clones that are being used in intensive silvicultural 
systems. 
Review of Literature 
Plants obtain the energy used for fiber production from 
sunlight. Studies on many woody species have shown that height 
growth, dry weight production and distribution (Gordon, 1969; 
Logan, 1966), rate of photosynthesis and respiration (Bourdeau 
and Laverick, 1958; Loach, 1967), and chlorophyll content 
(Zelawski and Kinelska, 1967) are all affected by shading. 
Shading also caused changes in leaf anatomy (BjBrkman and 
Holingren, 1963). Also, the stozztss of shaded leaves tend to 
close; this closure of stomates increases resistance to the 
diffusion of CO^  (Nobel, 1974). 
Events during leaf development, as well as the physiological 
age of a leaf, determine much about a leaf's physiological 
response to environment. The major event in cottonwood leaf 
ontogeny is the attainment of the mature state (Dickmann, Gjerstad 
and Gordon, 1975). A mature leaf has a fully functional leaf 
vascular system and areoles (Isebrands and Larson, 1973). Leaf 
maturation is also reflected in the stem where secondary 
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vascularization begins in the intemode associated with the 
first mature leaf (Larson and Isebrands, 1974). Dickmann (1971a, 
b) showed that the photosynthesis of developing leaves from a 
single Populus deltoides (Bartr.) plant generally increased up 
to full-leaf expansion, with older leaves declining in photo-
synthetic activity. Larson and Gordon (1969b) reported that 
maximum translocation of photosynthate occurs when a leaf of 
Populus deltoides (Bartr.) seedling just attains maximum size, 
although an immature leaf may be simultaneously exporting from 
mature regions and importing into immature regions (Larson 
et al., 1972). The destination of transported carbohydrate 
from any leaf follows fairly restricted channels that can be 
predicted from a knowledge of plant phyllotaxy (Larson and 
Dickson, 1973). These results imply that a close relationship 
exists between net photosynthesis, growth and development. 
Not all investigators have reported a positive relationship 
between photosynthesis and growth. For example, Zelawski and 
Kinelska (1967) reported that the photosynthetic rates expressed 
per gram dry weight of needles of Scotch pines grown under shade 
was higher than those grown in full light although seedlings 
grown under full light had higher dry weights. Similar results 
were reported by Gordon and Gatherum (1968), who found that 
Scotch pine seedlings of the seed source that grew most had the 
lowest photosynthesis rates per gram of needle weight. They 
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suggested that anatomical and biochemical differences as well 
as mutual shading of leaves, could account for this apparent 
discrepancy in rapidly growing seedlings. Loach (1967) also 
reported that the rate of photosynthesis at 250 foot candles 
was higher in shade leaves than in sun leaves in both shade 
tolerant and intolerant species. However, while in the tolerant 
species there was a reduction in respiration rates with increased 
shade, in shade-intolerant species (e.g., Populus) the rates 
of respiration were frequently higher in shads leaves than in 
sun leaves. 
There is a close interdependency between roots and shoots 
in various ways. Root growth depends on a supply of carbo­
hydrates from the shoots; therefore, such factors as shading 
and reduction in leaf area (which reduce photosynthesis) 
would be expected to reduce root growth. Several investigators 
have reported that the absolute size of the root system and 
the ratio of root to shoot for a variety of tree seedlings 
are reduced by shading (Kozlowski, 1949; Barney, 1951; Bilan, 
1960). Kozlowski (1949) founc^ . that the root system of Quercus 
lyrata (Walt.) was reduced only slightly by a decrease in 
light intensity that reduced the weight of roots on Pinus 
taeda L. to 25 percent of control. 
In addition to supplying carbohydrates, shoots supply 
the roots with auxins and other hormones (Street, 1966). 
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Richardson (1953, 1958) concluded that root development and 
growth of Acer sacchârum L. seedlings is dependent on chemical 
stimuli supplied by the leaves or buds in addition to car­
bohydrates, whereas Eliasson (1971a, b) found that shoot growth 
adversely affected root growth of rooted cuttings of aspen 
(Populus tremula L.). In experiments with rooted cuttings 
of Populus tremula L. grown in culture, Eliasson (1971a) 
found that auxins transported in polar directions are important 
for controlling the growth of axillary buds and roots. In 
another study Eliasson (1971b) reported that the onset of 
shoot growth in aspen was followed by a period of decreased 
root growth until leaf tissue has been produced. Inhibition 
of shoot growth by artificial means increased the amounts of 
photosynthate available for root growth. Competition between 
sheets and roots for carbohydrates formed during photosynthesis 
is considered to be responsible for the effects observed (Loomis, 
1953). 
A knowledge of the root system configuration of species 
or genetic selections would be useful in choosing trees to be 
used in mixed stands, to effectively occupy the available 
soil mantle and thus minimize competition between roots for 
available water and nutrients. Species which have shallow 
root systems when mixed with species with a deeper root system 
should insure efficient utilization of the soil, for example. 
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The interaction of light, photosynthesis and respiration 
in inducing nitrate reductase activity needs further elucidation. 
Many investigators including Chen and Ries (1969), and Travis 
et al. (1969, 1970) have reported that in dark-grown leaves 
of several plants, nitrate induces no nitrate reductase activity 
above a low endogenous level until light is supplied. A 
possible primary function of light may be to furnish photo-
synthate as an energy source for induction of the enzyme. The 
existence of NADH-dependent nitrate reductase (Niflin, 1967; 
Sanderson and Cocking, 1964), indicates that respiratory 
metabolism is involved in nitrate reduction in the plant. 
Photosynthesis and respiration may supply the electrons for 
nitrate reduction. The amount of nitrate reductase present 
in leaf tissues seems to be under control of a turnover system, 
in which the synthetic phase may be regulated by light or 
supply of energy (Aslam et al., 1973). 
Some of the stimulating effects of light on induction of 
nitrate reductase may be associated with the increased 
protein synthesis occurring after illumination (Beevers and 
Hagsman, 1974). Beevers and Hageman (1974) have also suggested 
that another possible function of light in induction of nitrate 
reductase may lie in its influence on redox potential of the 
leaf tissue. A more reduced state of the leaf at high light in­
tensity may account for greater induction of nitrate reductase 
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activity following illumination or at high light intensities. 
The low amount of nitrate reductase in extracts from tissues 
of shaded plants or mature leaves can be attributed to various 
causes. Nitrate may accumulate in the vacuole and in this 
location cannot function as an inducer; thus in shaded plants 
and old tissues, the lowered capacity for protein synthesis 
can be attributed to a failure of induction. Also, in shaded 
plants and old leaves, nitrate metabolism may be impaired 
due to a depletion of photosynthetically produced electron 
donors and ATP (Beevers and Hageman, 1974). This can lead 
to accumulations of intermediate products of nitrogen metabolism, 
which in turn repress induction of nitrate reductase. In 
addition to light, mineral nutrition, hormonal treatments, 
plant age, leaf age and genotype all influence the capacity 
for nitrate reductase activity. 
In summary, although studies on several woody species 
have shown marked differences in growth, growth distribution, 
and photosynthesis in response to light intensity, little is 
known about differences within the genus Populus, all of 
which are generally thought to be "intolerarit," light demand­
ing species. There is also very little information in the litera­
ture about the effect of shading on nitrate reductase in woody 
species in general and the genus Populus in particular. 
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Objectives 
The combined objective of the three studies in this dis­
sertation was to provide information which could be used to 
identify Populus clones that are more adapted to shading and 
thus can be used in mixed stands. 
The primary objective of study I was to establish the 
relationship between light intensity (or shading), growth and 
dry matter distribution between shoot and root systems of 
four poplar clones. Another objective of study I was to identify 
differences in root system configuration of the four clones 
subjected to different light intensities. 
The objective of study II was to determine the effect 
of shading as a pre-conditioning treatment on the photosynthetic 
efficiency of three poplar clones. 
Study III had as its objectives the determination of the 
relationship between light intensities and nitrate reductase 
activities in leaves of two ontogenetic ages and roots of the 
three poplar clones used in study II. 
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STUDY I 
Methods 
On the basis of controlled-envlronment growth trials, 
four poplar clones of similar genetic origin that differ in 
growth rates (Wray, 1974) were chosen for this study. The 
clones are Populus deltoïdes x Popùlus nigra hybrids designated 
Populus X euramericana by the International Poplar Commission. 
For convenience, I will refer to them by their North Central 
Forest Experiment Station acquisition numbers : 5321, 5323, 
5326 and 5328. 
The experiment was set up in the greenhouse using a ran­
domized split-plot ôaisign, in which two replicates served as 
blocks. Within each block, three light intensity levels 
(37%, 75% and 100% full light) were established using Seran^  
shade cloth. Three individuals of each clone were randomly 
assigned to each light intensity level within a block. 
Apical cuttings of the poplar clones were planted in 
plastic pots containing greenhouse mix (2:1 Jiffy Mix^  and 
1 
Perlite") on March 1, 1973, and rooted under mist. After 
•'Use of tirade names does not imply endorsement by me 
or Iowa State University. 
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rooting, (on March 29, 1973) potted plants of uniform size 
were chosen from each clone and randomly assigned to treatment 
within each block. Subsequently, for the duration of the 
experiment, the moisture content of the pots was maintained 
near field capacity by watering as necessary, and a soluble 
20:20:20 NPK fertilizer was added to each pot twice weekly. 
The light intensities at noon under each shade level were 
recorded four times a week throughout the experiment, by using 
a Lambda LI-185 photometer. The average light intensities 
for 37%, 75% and 100% full light were respectively 375, 820 
- 1  - 2  
and 1325 u Einsteins sec m PAR. An 18-hour photoperiod 
was maintained in the greenhouse by supplementing daylight 
with a series of 300 watt electric bulbs and fluorescent tubes. 
The range of temperatures in the greenhouse was from 22°C 
Cat night) to 24 C (day)% the range of humidity was 66% (at 
night) to 63% (day). 
Height was measured weekly throughout the duration of the 
experiment. The first harvest was on May 7, 1973, and the third 
and final harvest was on June 4, 1973. At each harvest, three 
potted plants of each clone were carefully uprooted, the 
potting mixture removed from their roots, and the shoots and 
roots carefully washed in water. The root system was then 
separated from the shoot and photographed. Each plant part 
was then dried in an oven at 70°C for 24 hours, cooled in a 
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desiccator and weighed. 
The growth data were analyzed according to the experimental 
design. 
Results 
Growth 
Height growth differed among the clones at the various 
light intensities and harvests (Tables 1, 2 and 7). With in­
creasing light intensity and time spent under each light intensity, 
there was an increase in height in all the clones (Table 1). 
Clone 5321 grew taller under 37% full light, but under 100% 
full light was smaller than all other clones. Clone 5323 
had consistently good height growth under all light intensities, 
especially at 75% and 100% full light; whereas clones 5326 
and 5328 were appreciably shorter at 37% full light than 
5321 and 5323. 
The clones also differed appreciably in dry matter accumulation 
(Tables 1, 3, 4 and 8). Clone 5323 was second to clone 5321 in 
total dry weight at the lowest light intensity, and had con­
sistently good dry matter production under all light intensity 
levels. Clone 5328 had the highest dry matter production of all 
the clones at 100% full light, at the final harvest. 
It appears that clones 5326 and 5328 had a slow initial growth 
rate (Table 1). In general, with more time under each light 
Table I. Height, total dry weight and percentage of total dry weight in roots for Populus x 
euramerlcana clones groim under 37, 75 and 100% full sunlight. Harvest times were (1) 
6, %2) 8 and (3) 10 weeks after application of light treatments. Each clonal value is 
the mean of 2 observations. 
Percentage Total 
Average Average Total Dry Weight s 
Har­ Height Dry Weight In Roots 
Percentage of vest t. - . 
full light Time 1 2 3 1 . 2 3 : 1 ; 2 3 
(cm) (g) (%) 
Clone 
37 (375*) 5321 23.8 35.0 61.0 1.65 1.96 •6.31 19 21 16 
5323 23.8 27.3 59.0 1.43 1.56 5.54 17 17 12 
5326 14.0 17.W 42.5 0.74 0.94 2.73 18 16 12 
53.28 13.0 15.5 31.5 1.52 1.95 4.46 19 21 16 
means 18.7 23.') 48.5 1.33 1.60 4.76 18 18 14 
75 (820*) 5321 29.5 37.0 72.0 2.36 3.99 13,43 17 21 19 
5323 34.0 60. « 87.3 2.70 9,44 15.65 16 17 15 
5326 26.8 46.H 72.0 1.82 5.41 10.75 16 17 14 
5328 27.3 17.0 47.0 4.12 2.11 10.36 19 19 16 
means 29.4 40.6 69.5 2.75 5.23 12.54 17 18 16 
100 (1325^ ) 5321 28.0 34.0 77.3 2.69 5.26 15.56 22 23 18 
5323 41.0 49.0 96.5 4.27 6.63 26.12 22 20 18 
5326 31.5 42.» 89.8 2.57 5.47 22.22 16 19 15 
5328 26.3 19.H 77.3 3.98 2.09 31.68 23 17 19 
means 31.7 36.4 85.2 3.37 4,86 23.89 20 19 17 
A^verage light: intensity u Einslieins sec  ^m ^  PAR taken at noon four times weekly. 
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Table 2. Effect of light intensity, clone and harvest time on 
height. 
Source of variation. . d.f mean square F-value. Prob > F 
light intensity 2 1560.54 14.73 0.0630 
clone 3 854.91 2.19 0.1582 
light intensity x clone 6 296.44 0.76 0.6192 
harvest 2 7428.41 33.53 0.0001 
light intensity x harvest 4 83.39 0.37 0.8242 
clone X harvest 6 278.36 1.26 0.3135 
light iûtêusity X clone x 
harvest 12 325.91 1.47 0.2028 
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Table 3. Effect of light intensity, clone and harvest time on 
shoot dry weight. 
Source of variation d.f. mean square F-value Prob > F 
light intensity 2 259.86 46.72 0.0188 
clone 3 9.24 0.80 0.5238 
light intensity x clone 6 11.63 1.01 0.4733 
harvest 2 633.37 78.53 0.0001 
light intensity x harvest 4 128.18 15.89 0.0001 
clone X harvest 6 6.89 0.85 0.5423 
light intensity x clone x 
harvest 12 10.95 1.35 0.2512 
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Table 4. Effect of light intensity, clone and harvest time on 
root dry weight. 
Source of variation d.f. mean square F-valiie Prob > F 
light intensity 2 13.42 19.04 0.0488 
clone 3 0.75 1.02 0.4279 
light intensity x clone 6 0.93 1.27 0.3566 
harvest 2 21.46 53.09 0.0001 
light intensity x harvest 4 5.39 13.34 0.0001 
6 0.68 1.69 0.1649 
light intensity x clone x 
harvest 12 1.08 2.68 0.0190 
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intensity level, there was an increase in total dry weight in 
all the clones. 
Shoot-root ratios differed among clones at all harvest 
times and all light levels (Tables 5 and 6). Clone 5326 had 
the highest shoot-root ratio at the highest light intensity. 
With more time under each light intesnity, the differences 
among the clones in growth response became more apparent. 
Thus at final harvest (i.e. 10 weeks after the application of 
the lif^ ht treatments), total dry weight (Figure 1, Tables 
1 and 7), height (Tables 1 and 8) and shoot-root ratio (Table 
9) differed significantly among the clones. 
iloot configuration 
There were marked differences in the root system size 
and configuration of the clones at all harvest times (Figures 
2, 3 and 4). In general, clone 5321 had the best-developed 
root system (more laterals, heavy roots) at the lowest light 
intensities. The differences in root system and configuration 
were most apparent 10 weeks after the application of light 
treatments (Figure 4). At this final harvest clone 5321 
had the poorest-developed root system, at the highest light 
intensity. 
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Table 5. Shoot/root ratios (dry weight basis) for Populus x 
euramericana clones grown under 37, 75 and 100% full 
sunlight. Harvest times were (1) 6, (2) 8 and (3) 
10 weeks after application of light treatments. Each 
clonal value is the mean of 2 observations. 
Percent of full Harvest Average shoot/root ratios 
light time 1 2 3 
clone 
37 (375^ ) 5321 4.14 3.21 5.54 
5323 4.59 4.84 7.43 
5326 4.84 5.27 7.21 
5328 4.24 3.63 5.11 
means 4.45 4.36 6.32 
75 (820^ ) 5321 4.66 3.38 4.25 
5323 5.00 5.12 5.70 
5326 4.98 4.85 6.19 
5328 4.34 4.18 3.45 
4.- /5 4.38 . 4 = 89 
100 (1325^ ) 5321 3.65 3.33 4.27 
5323 3.54 3.90 4.49 
5326 5.34 5.06 5.87 
5328 3.42 4.61 4.20 
means 3.99 4.22 4.71 
''Average light intensity u Einsteins sec ^ m PAR taken at 
noon four times weekly. 
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Table 6. Effect of light intensity, clone and harvest on shoot/root 
ratio (dry weight basis). 
Source of variation d.f. mean square F-value Prob > F 
light intensity 2 2.81 2.85 0.2596 
clone 3 7.48 42.86 0.0001 
light intensity x clone 6 1.04 5.99 0.0094 
harvest 2 5.48 8.25 0.0099 
light intensity x harvest 4 2.82 4.23 0.0099 
clone X har^ jest 6 1 = 24 1 = 87 0.1262 
light intensity x clone x 
harvest 12 0.64 0.96 0.5074 
Figure 1. Dry weight In shoot and root of Populus x euramerlcana clones grown under different 
light Intensities. Harvest time was 10 weeks after application of light treatments. 
LEGEND 
•  SHOOTS 
Q ROOT!)  
A CLONE 5321 
B CLONE 5323 
C CLONE 5326 
D CLONE 5328 
1 
200 600 800 
1, 
u Einste lns sec M 
I  
1000 
• 2  
1200 1400 
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Table 7. Effect of light intensity and clone on total dry 
weight, 10 weeks after application of light treatments. 
Source of variation . d.f. mean square F-value Prob > F 
light intensity 2 749.21 615.08 0.0014 
clone 3 30.91 3.65 0.0568 
light intensity x clone 6 40.01 4.72 0.0194 
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Table 8. Effect of light intensity and clone on height, 10 
weeks after application of light treatments. 
Source of variation d.f. mean square F-value Prob > F 
light intensity 2 2711.65 46.47 0.0189 
clone 3 697.88 3.29 0.0720 
light intensity x clone 6 217.75 1.G2 0.4676 
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Table 9. Effect of light intensity and clone on shoot/root 
ratios (dry weight basis), 10 weeks after application 
of light treatments» 
Source of variation d.f. mean square F-value Prob > F 
light intensity 2 5.34 79.60 0.0105 
clone 3 4.27 13.05 0.0017 
light intensity x clone 6 0.55 1.67 0.2333 
Figure 2. Roots of Populus x euramericana grown under different light intensities (375, 820 
and 1325 u Einsteins sec m PAR) , 6 weeks after application of light treat­
ments . 
f 
Average light Intensity taken at noon four times weekly. 
CLONES 
Light Intensity 
o/o Fullllght 
37 (375)' 
75 (820)' 
5321 5323 5326 5328 
I SI sm 
mMI fot 
ro Ln 
100 (1325) 
Figure 3. Roots of Populus x euramericana grown under different light intensities (375, 820 
_ 1  _ 2  '  
and 1325 u Einateins sec in PAR) , 8 weeks after application of light treatments. 
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Average light intensity taken at noon four times weekly. 
CLONES 
Light intensity 
o/o Fulllight 
37 (375)' 
75 (820)' 
100 (1325)' 
5326 5328 
NJ 
Figure 4. Roots of Populus x euramerj.cana grown 
- 1 - 2  V  *  
and 1325 u Elnsteins sec m PAR) , 
Average light intensity taken at 
under different light intensities (375, 820 
10 weeks after application of light treatments. 
noon four times weekly. 
CLONES 
Light intensity 
o/o Fulllight 
37 (375)' 
75 (820)' 
100 (1325)' 
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Discussion 
Growth and distribution of photosynthate in young hybrid 
poplars was affected markedly by light intensity. This finding 
is similar to those reported in literature for other species. 
For ejumple. Phares (1971) grew red oak seedlings at 10%, 30% 
and 100% full light and found that dry weight increased with 
light intensity. This increase in growth with increased light 
intensity can be attributed to increased photosynthesis in the 
whole plant under full light. Although individual poplar leaves 
probably reach light saturation at about one-third of full 
sunlight, more leaf surface is exposed to saturating light 
at higher light intensities. 
Differences in growth between the clones at the same 
light intensity and dvelopmental stage are probably due to 
differences among the clones in photosynthetlc efficiency. 
Tonzig and Narre (1954) also reported differences among Populus 
X euramericana in photosynthetlc activity, as did Gatherum 
et al. (1967) for naturally occurring aspen-poplar hybrid 
clones. Photosynthetlc response to increasing light intensity 
may also account for differences among clones in patterns of 
dry weight response to increasing light intensity. Probably 
clones 5323 and 5321 have higher per plant photosynthesis rates 
at low light intensities than do clones 5326 and 5328. 
The shaded seedlings had a lower percentage of their total 
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dry weight in the roots than did those grown in full light. 
Similar results have been reported in experiments with other 
species (Loomis, 1953; Logan, 1965; Logan and Krotkov, 1969; 
Gordon, 1969). 
The results of this study can be used as a guide for 
selection of clones to be used in the field. The differences 
among the clones in growth and distribution of photosynthate 
suggest that clone 5323 may possess a metabolically superior 
genotype, capable of responding well to a wide range of light 
conditions and, therefore, it would be especially useful in 
dense stands or in admixture with clones that are superior at 
high light intensities, such as 5328. Clone 5321, on the other 
hand, does relatively well at low light intensities, and might 
also be useful in mixtures or as replacement stock in established 
stands. Field experiments to test the effects of root zone 
competition in growth response of these clones will be necessary 
before a definite planting recommendation can be made. However, 
this controlled-environment study will allow for the efficient 
design of such field trials, and reduce the time and effort 
needed for then: by indicating which clonal wixtures to test 
first. 
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STUDY II 
Methods 
The objective of study II was to determine the effect of 
shading as a preconditioning treatment on the photosynthetic 
efficiency of three of the four poplar clones used for study I. 
This study provided more information about the growth response 
to light intensity of the poplar clones. 
Growth 
On the basis of results obtained from study I, three poplar 
clones of similar genetic origin, that differed in growth response 
to light intensity treatments, were chosen for this study. 
These were the Populus x euramericana clones 5321, 5323 and 5326. 
The experiment was set up in the greenhouse using a randomized 
split-plot design. Three replicates served as blocks, within 
each block, three light intensity levels (37%, 75% and 100%) 
were established using Seran^  shade cloth. Within each block, 
27 potted plants (nine of each clone) were randomly distributed, 
and three individuals of each clone were assigned to each light 
intensity level. 
Apical cuttings of the clones were planted in plastic pots 
U^se of trade names does not imply endorsement by me or 
Iowa State University. 
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containing greenhouse mix (2:1 Jiffy Mix and Perlite). The potted 
apical cuttings were randomly arranged and placed under a mist 
system for one month. 
On September 22, 1973, twenty-seven potted plants of the 
same height and approximately the same number of leaves were chosen 
from each clone and assigned as described to the different 
light intensities. Each pot was fertilized twice weekly with 
20-20-20 NPK fertilizer in solution. The water content of each 
pot was kept at or near field capacity by frequent watering. 
Light intensities at noon under each shade level were recorded 
four times a week, for the duration of the experiment, with a 
Lambda LI-185 photometer. The average light intensities for 
37%, 75% and 100% full light were respectively 150, 450, and 
- 1  - 2  625 u Einsteins sec m PAR. An 18-hour photoperiod was 
maintained in the greenhouse by extending daylight uith a series 
of 300 watt electric bulbs and fluorescent tubes. The range 
of temperature in the greenhouse was from 19°C at night to 
22°C during the day; the range of humidity was 57% (at night) 
to 56% (day). 
The poplar clones were grown under the different light 
intensity levels from September 22 to December 22, 1973. Height 
was measured weekly throughout the growth period. At the end 
of the growth period all the plants were harvested after measurement 
of gas exchange. Each clone was carefully uprooted and washed 
34 
in water. The root system was then separated from the shoot, 
and each plant part was then dried in the oven at 70°0 for 
24 hours, cooled in a desiccator and weighed. The growth 
data were analyzed according to the experimental design. 
Gas exchange determinations 
I began photosynthetic and dark respiration measurements 
after the plants had been grown eight weeks under the various 
shade levels. The plants used for the gas exchange measurements' 
were chosen at random from each light intensity level and from 
each block. Net photosynthesis and dark respiration were 
measured for an immature and a mature leaf on each plant. 
Leaf age was determined as described by Larson and Isebrands 
(1971). The index leaf (leaf plastochron age 0) was the first 
leaf 2.0 to 2.5 cm in length, and the remaining leaves were 
numbered consecutively from the apex to the base. Leaves of 
plastochron age 10 (immature) and 20 (mature) were chosen for 
measurement. The perimeter of the lamina of the measured leaf 
was traced on a graph paper and leaf area was determined using 
a planitneter = 
The attached leaf sample was enclosed in a water-cooled 
plexiglass leaf chamber that was inserted in a closed gas 
exchange measurement system. A stream of air was passed over 
the leaf, dried, drawn through a Beckman IR-215 infra-red 
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gas analyzer, then returned through a rehumidification system 
to the leaf chamber (Gjerstad, 1975). A flow rate of one liter 
per minute at 25°C was maintained for all leaf measurements. 
Leaf temperature was measured by small copper-constantin thermo­
couples attached to the lower leaf surface. The light source 
consisted of five water-cooled, 300 watt, reflector spot-lights, 
and the light intensity was varied by a rheostat setting. 
The Beckman IR-215 infra-red gas analyzer was calibrated at one 
liter per minute at 25~C, before each series of determinations, 
by using nitrogen gas as a zero standard and 370 ppm carbon 
dioxide in nitrogen as the upscale standard. Carbon dioxide 
concentration in the leaf chamber atmosphere was monitored 
continuously and recorded. 
Net photosynthesis for each leaf sample was determined 
in the laboratory at 142, 349, 736. 1177. 1591; and 2005 u 
-1 -2 
Einsteins sec m PAR. The light intensities were applied 
in random order and before each determination each leaf was 
preconditioned at each light intensity for at least 20 minutes. 
The temperature in the leaf chamber varied with light intensity 
the range of temperature was 25 + 3°C, with most of the deter­
minations carried out at 25°C. Dark respiration was measured 
by recording CO^  increase in the system when the lights were 
turned off and leaf chamber was covered with a black photo-
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After the plants had grown 12 weeks under the different 
shade levels in the greenhouse, two plants of each clone were 
randomly selected from each shade level for whole plant photo-
synthetic measurements. Net photosynthesis and dark respiration 
were measured with a large controlled-environment chamber. 
All other equipment, operations, and most of the conditions 
were essentially the same as for the individual leaf gas-
exchange determinations. Whole plant net photosynthesis rates 
-1 -2 
were measured at 375, 750 and 1500 u Einsteins sec m PAR. 
The changes in carbon dioxide concentration in ppm were converted 
to milligrams per unit leaf area for leaf photosynthetic rates 
and milligrams per plant for whole plant photosynthesis rates 
using the gas laws. 
Leaf net photosynthetic and dark respiration rates were 
analyzed using non-linear regression and a model described by 
looming (1967) (Figure 5). 
Results 
Growth 
The growth response to light intensity obtained in this study 
was similar to that observed in study I. Height growth was 
quite different between the clones and between the light intensity 
levels (Tables 10 and 11). Dry weight measurements of shoot 
and root also showed large differences between the shade levels 
Figure 5. Model used for analyzing leaf photosynthetic rates. 
38 
CO 
a 
+j 
<o 
i-
4-) 
O) 
.c 
c 
>> 
to 
o 4-> 
o 
CL 
• 
(Pmax-Ro) 
I -T ight  in tens i ty  
The model  i s  
KiPmaxI  
Pn •  ———: Ro 
I +K 1 I 
where 
I " l ight  In tensi ty  
Pn'net  photosynthet ic  ra tes (mgC02hr~ 
Pmax-maximum gross photosynthet ic  ra tes 
(mg C02hr"^dm~2) 
Ro»dark respi rat ion rates {-mgC02hr '^dni "^)  
K] -s lope coef f ic ient  
39 
Table 10. Height, total dry weight and percentage of total 
dry weight in roots for Populus x euramericana 
clones grown under 37, 75 and 100% full sunlight. 
Harvest time: 13 weeks in fall 1973. Each clonal 
value is the mean of 9 observations. 
Percentage of Average Average Total % Total Dry 
full light Clones Ht. (cm) Dry Wt. (g) Weights in Roots 
37 (150') 5321 60.7 3.27 10 
5323 68.6 5.06 9 
5326 44.1 2.04 14 
means 57.8 3.46 11 
75 (450^ ) 5321 101.5 17.84 15 
5323 116.9 24.09 15 
5326 88.2 13.74 14 
means 102.2 18.56 15 
100 (625®) 5321 122.3 34.50 19 
5323 146.4 40.44 20 
5326 115.3 28.69 15 
means 128.0 34.54 18 
3. —1 —2 
Average light intensity u Einsteins sec m PAR taken 
at noon four times weekly. 
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Table 11. Effect of light intensity and clone on height growth. 
Source d.f. mean square F-value Prob > F 
light intensity 2 34034.23 81.81 0.0017 
clone 2 5368.67 27.05 0.0001 
light intensity x clone 4 152.43 0.76 0.5677 
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(Figure 6, Tables 10, 12 and 13). Both height and dry weight 
response to light intensity treatment were similar to each 
other in all the clones. Clone 5323 had the best growth (both 
height and total dry weight), while clone 5326 had the 
poorest growth under all the light intensities tested. All 
three clones accumulated the least dry weight and were shortest 
when grown under the lowest light intensity. With increasing 
light intensity, there were marked increases in height, dry 
weight accumulation, and percentage of total dry matter in the 
roots (Tables 10 and 14). The clones differed in percentage 
of total dry weight in the roots and shoot/root ratios under 
the different light intensities. 
Leaf photosynthesis 
The light intensity under which the clones were grown in 
the greenhouse did not have a consistent effect on mean photo-
synthetic rates expressed as milligrams per hour per unit leaf 
area, but did affect dark respi'ition rates (Table 16). In 
general, increased light intensity during growth resulted in 
increased dark respiration rates= 
As expected, as light intensity of measurement increased, 
so did photosynthetic rates of the leaves, especially in leaf 
age 20 (Table 15). The clones differed in photosynthetic response 
to light intensity. In all the clones, leaf age 20 had higher 
Figure 6. Dry weight of Populus x euramericana clones grown 
for 13 weeks under 3 light intensities (fall 1973). 
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Table 12. Effect of light intensity and clone on shoot dry weight. 
Source d.f. mean square F-value Prob > F 
light intensity 2 4237.31 30.80 0.0055 
clone 2 282.80 9.42 0.0038 
light intensity x clone 4 22.18 0.73 0.5848 
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Table 13. Effect of light intensity and clone on root dry weight. 
Source d.f. mean square F-value Prob > F 
light intensity 2 250.61 27.15 0.0065 
clone 2 25.03 7.48 0.0079 
light intensity x clone 4 8.09 2.41 0.1056 
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Table 14. Effect of light intensity and clone on shoot/root ratio. 
Source d.f. mean square F-value Prob > F 
light intensity 2 109.59 49.44 0.0029 
clone 2 2.27 0.50 0.6231 
light intensity x clone 4 20.67 4.54 0.0182 
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Table 15. Net photosynthetic and respiration rates of leaf ages 
10 and 20 of Populus x euramericana clones grown 
under three light intensities. Each clone value 
is a mean of 6-9 determinations. 
Light intensity 
during growth 
% full light 
Dark 
Respir­
ation 
Net Photosynthesis Rates 
142 349 763 1177 1591 2005^  
-1  -2  
u Einsteins sec m PAR 
Clone 
-1 -2 
mg COg hr dm 
Leaf aee 10 
37 (150°) 5321 0.64 6.50 8.11 9.98 10.94 13.22 13.93 
5323 0.63 6.25 9.65 11.32 9.74 10.10 10.'82 
5326 0.75 4.99 7.75 9.00 6.85 7.00 7.28 
means 0.67 5.91 8.50 10.10 9.18 10.11 10.68 
75 (450") 5321 0.77 5.02 8.58 10.73 8.20 9.31 9.66 
5323 0.66 4.18 6.52 10.27 7.56 9.37 10.81 
5326 0.74 5.56 6.92 10.89 6.33 6.37 8.15 
means 0.72 4.92 7.34 10.63 7.36 8.35 9.54 
100 (625^  ) 5321 0.97 5.97 8.92 11.94 9.44 10.74 11.66 
n QO 5.3® •7 C.C 5.77 9.17 in AT 11 -7C 
5326 1.31 6.71 8.19 13.91 9.88 10.83 12.22 
means 1.03 6.02 8.26 11.87 9.50 10.66 11.88 
Leaf age 20 
75 (450° ) 5321 0.63 4.99 7.05 8.72 12.66 13.55 16.13 
5323 0.66 5.80 8.93 10.00 12.66 14.15 16.58 
5326 0.58 3.82 6.02 8.04 10.53 11.92 14.04 
means 0.62 4.87 7.33 8.92 11,95 13.21 15,58 
100 (625° ) 5321 0.61 5.04 7.04 8.92 11.75 13.18 15.43 
5323 0.66 6.01 8.81 11.57 10.94 13.14 17.35 
5326 0.60 4.31 6.09 10.47 10.21 12.99 14.46 
means 0.62 5.12 7.31 10.32 10.97 13.10 15.75 
L^ight intensity at which photosynthetic rates were determined. 
b  - 1 - 2  
Average light intensities u Einsteins sec m PAR taken at 
noon four times weekly. 
Table 16. Parameter estimates; dark respiration (R^ ) and maximum photosynthetic rates 
Light intensity 
during growth 
% full light 100 (625* 
Leaf age 10 
) 75 (450®) 37 (150*) 100 (625*) 
Leaf age 20 
75 (450*) 37 (150*) 
Clone Dfirk respiration (R^ ) - mg COg hr dm~2 
5321 .97 .77 .64 .61 .63 
5323 .82 .66 .64 .69 .61 --
5326 1.32 .75 .75 .60 .58 " 
""8 
-1 -2 Maximum photosynthetic rate COg hr dm 
5321 11.51 10.0!) 14.28 17.44 21.11 
5323 11.16 10.83 10.95 16.83 18.85 — 
5326 11.64 7.88 9.02 17.53 17.74 — 
* Average light: intensities u Eiuisteins sec  ^m  ^PAR taken at noon four times weekly. 
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photosynthetic rates than leaf age 10 (Tables 15, 16 and 17; 
Figures 7 and 8). Leaf age 20 of clone 5323 consistently had 
higher photosynthetic rates than all other clones under all 
light intensities, whereas leaf age 20 of clone 5326 always had 
the lowest photosynthesis rates. Under the lowest light intensity 
(37% full light), the clones did not grow large enough during 
the 13 weeks of the experiment to have leaves of age 20. Leaf 
age 10 of clone 5321, however, had the highest photosynthetic 
efficiency, whereas leaf age 10 of 5326 had the lowest photo­
synthetic rates (Table 15, Figure 9). In all three clones 
grown under the different light intensities leaf age 10 had higher 
dark respiration rates than leaf age 20. 
Plant photosynthesis (photosynthetic capacity) 
The light intensity under which the trees were grown in 
the greenhouse did affect photosynthetic rate expressed as 
milligrams carbon dioxide absorbed per plant per hour (Table 
18). With increasing light intensity during growth, there was 
a corresponding increase in plant photosynthetic rates. Thus 
all clones grown under the two lower light intensities had 
lower photosynthesis rates than those grown under the highest 
light intensity. The light intensity under which the clones 
were grown also affected dark respiration rates (Table 18). 
In general, with increasing light intensity during growth, 
there was an increase in dark respiration rate in all the clones. 
Table 17, Parameter estimates: slope coefficient (K,) and net photosynthetic rate (P - R ). X ITlcl X U 
Light intensity 
during growth 
% full light 100 (625* 
Leaf age 10 
) 75 (450*) 37 (150*) 100 (625*) 
Leaf age 20 
75 (450*) 37 (150®) 
Clone 
"l 
5321 0.0064 0.0073 0.0034 0.0016 0.0010 
5323 0.0047 0.0036 0.0091 0.0025 0.0017 
5326 0.0061 0.0129 0.0351 0.0015 0.0012 
Net photosynthetic rates -1 -2 COg hr mg 
5321 10.54 9.32 13.65 16.84 20.48 
5323 10.34 10.17 10.32 16.14 18.23 
5326 10.32 7.14 8.27 16.93 17.16 
A^verage light intensities u Einsteins sec  ^m"^  PAR taken at noon four times weekly. 
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Table 18. Net photosynthesis and dark respiration rates per plant 
of Populus X euramericana clones grown under various 
light intensities. Each clonal value is a mean of 
2 determinations. 
Photosynthetic Rates 
Light intensity Dark 
during growth Respir-
% full light ation 
375 
(u Einsteins sec 
750 1500 
-1  -2  
m PAR) 
Clone mg COg/hr/plant 
37 (150^ ) 5321 28.28 132.64 151.74 214.72 
5323 21.20 137.27 175.72 230.00 
5326 18.84 118.16 132.48 161.15 
means 22.77 129.36 153.31 201.96 
75 (450^ ) 5321 75.82 132.48 269.01 329.87= 
5323 47.19 161.37 280.75 350.61 
5326 54.32 122.94 209.80 249.82 
means 59.11 138.93 253.19 310.10 
100 (625^ ) 5321 77.36 249.18 335.09 371.64 
5323 42.46 loi.37 249.32 432.03 
5326 56.72 171.10 249.17 377.19 
means 58.85 194.05 278.03 393.64 
i^ght intensity at which photosynthetic rates were determined, 
b -1 -2 
Average light intensities u Einsteins sec m PAR taken 
at noon four times weekly. 
'Only I observation. 
2 
Figure 7. Net photosynthesis (mg CO^  per hour, per dm leaf area) of leaf ages 10 and 20 of 
Populus x euramericana clones grown under 100% full light. 
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Figure 8. Net photosynthesis (nig CO^  per hour, per dm leaf area) of leaf ages 10 and 20 of 
Populus X euramerlcana clones grown under 75% full light. 
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Figure 9. Net photosynthesis (mg per hour per dm leaf area) 
of leaf age 10 of Populus x euramericana clones 
grown under 37% full light. 
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There were marked differences in plant photosynthesis 
among the clones and in response to the light intensities under 
which the plants were grown. Light intensities of determination, 
of course, strongly affected photosynthesis rate (Table 18). 
In general, clone 5326 had the lowest plant photosynthetic 
rates of all the clones. IJhereas clone 5321 had high per plant 
photosynthetic rates, comparable with, and sometimes greater 
than those of clone 5323, the dark respiration rates of clone 
5321 were consistently higher than those of clone 5323. Clone 
5323 had the lowest per plant dark respiration rates when grown 
under 75% and 100% full light, whereas clone 5321 had the highest 
dark respiration rate in response to all light intensities 
during growth. 
Discussion 
Because *"he growth response data of study I and study II 
were quite similar, most of this discussion will be concentrated 
on the gas-exchange results. 
AT av» 1 /Tacf ooo oil r* 1 /%n Ao Tnc/9 
photosynthesis rates than the younger leaves (leaf age 10). 
Similar results have been reported by other authors. For exançle, 
Dickmann (1971a, b) found that older leaves of Populus deltoides 
plants had higher photosynthetic rates than younger leaves. 
59 
The maturation of leaves reflects physiological, biochemical 
and anatomical changes at the cellular levels. Whereas a close 
relationship between photosynthetic development and chlorophyll 
content does not exist in expanding Cottonwood leaves, a close 
correlation between photosynthesis and the level of ribulose 
diphosphate carboxylase has been demonstrated (Dickmann, 1971a). 
Gjerstad (1975) has also reported close relationships between 
leaf age and photorespiration. Auxin has also been shown to 
be associated with increased Calvin cycle enzyme activity and 
transport of assimilate from leaves (Bidwell et al., 1968). 
Thus it is possible that the activation of photosynthetic 
enzyme systems, possibly under the influence of endogenous 
hormone, may constitute a key factor in photosynthetic development 
of expanding poplar leaves. 
Rates of photosynthesis increased with increasing light 
intensities of determination. In the absence of light there is 
no net uptake of carbon dioxide so no photosynthesis. In very 
dim light the carbon dioxide given off by dark respiration is 
more than the amount fixed by photosynthesis. Further increases 
in light intensity allow for the carbon dioxide fixed during 
photosynthesis to compensate for the loss of carbon dioxide by 
respiration. Further increase in light intensity of determina­
tion causes photosynthetic rates to increase until complete 
light saturation is reached. Similar observations have been 
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reported by many authors, including Gaastra (1962) for cucumber 
leaf and Loach (1967) for the leaves of five tree seedlings 
including the leaves of Populus tremuloides. 
There were clonal differences in photosynthesis per unit 
leaf area, suggesting that there were biochemical differences 
among the clones that could be used as selection criteria. 
Leaf photosynthesis (at leaf age 10), however, did not follow 
the same trend as the growth data. This is understandable 
because these were developing leaves which had not yet attained 
maturity. Also, it is not only individual leaf photosynthesis 
that determines dry matter accumulation. For example, the shape 
of the crown and branching angles may be important factors in 
determining yield of trees. Max (1975) found differences in 
these poplar clones in leaf angles and consequently, in the 
quantity of light intercepted by leaves of different ages. 
The leaf photosynthetic rates show that clone 5321 is more 
efficient than the other two clones at the lowest light inten­
sity (37% full light), whereas clone 5323 can tolerate a wide 
range of light intensities. Leaf age 20 of clone 5323 also 
had the highest phctcsynthatie rates of all clones at all light 
intensities. Mature leaves of 5323 are more efficient and, 
therefore, with increasing number of mature leaves, 5323 should 
do proportionately better than the other clones. Another 
factor which may account for differences in growth between the 
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clones is dark respiration rate. Although clone 5321 had 
photosynthetic rates sometimes comparable with those of clone 
5323, its dark respiration rates were consistently higher than 
those of clone 5323. Clone 5323 grew better than clone 5326 
because of its higher photosynthetic rates under all light 
intensities. 
Leaf photosynthetic rates per unit leaf area appear to be 
inversely related to plant photosynthesis and growth. For 
example, leaves of age 10, grown under the lowest light intensity 
(37% full light), had higher photosynthetic rates per unit leaf 
area than leaves of age 10 grown under 75% and 100% full light. 
Similar results have been reported by Gordon and Gatherum 
(1968), and Logan and Krotkcv (1969). When the clones were 
grown under low light intensity, the reduction in total leaf 
area reduced the per plant rate of photosynthesis. On the 
other hand, physiological and anatomical adaptation of individual 
leaves partially counteracted this trend; and with decreasing 
light intensity during growth, there was an increase in their 
photosynthesis per unit leaf area. These observed differences 
in photosynthesis per unit leaf area may be due to differences 
in carbon dioxide diffusion resistance, as well as to differences 
in mutual shading. Holmgren et al. (1965) reported that both 
stomatal and mesophyll resistances were larger in species with 
low rates of photosynthesis than in species with nigh rates 
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of photosynthesis. The increased thickness of leaves from 
plants grown in full light indicates thicker layers of palisade 
and mesophyll tissues which can reduce the flow of carbon dioxide 
from outside air to the chloroplasts. The opposing effects 
of increased light intensity on per unit leaf area photosynthesis 
and per plant photosynthesis, indicate that when comparisons of 
photosynthesis and dry matter production are made for a plant, 
the rate of photosynthesis should be expressed on a per plant 
basis and not per unit area (Logan and Krotkov, 1969). 
The increase in respiration rate with increased light in­
tensity during growth is probably due to greater quantities 
of sugar available as respiratory substrate within leaves of 
plants grown at higher light intensities. The general pattern 
of decreasing dark respiration rate of the poplar clones with 
increasing age found in this study follows that established 
for herbaceous plants (Kidd, ¥est and Briggs, 1921) and for 
woody plants (Richardson, 1957; Dickmann, 197ib). During 
the early stages of leaf growth, synthesis of chlorophyll, 
proteins, and structural compounds is high, resulting in intense 
catabolic activity to support energy demands. With maturation 
of the leaves, this high respiratory energy requirement diminishes 
markedly. 
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STUDY III 
Methods 
The plant material for this study was obtained from plants 
used in study II. At the end of the growth period in study 
II, plant samples were collected for nitrate reductase deter­
minations. Nitrate reductase was assayed for leaf plastochron 
ages 10 and 20 and for the roots of poplar clones 5321, 5323 
and 5326 for all three growth light intensities. 
A modification of the method of Jaworski (1971) was used 
to assay for nitrate reductase. A leaf disc % inch in diameter 
or 30, 2 ram long, white, living root tips were placed in a 
Warburg flask in 5 ml of inoculation medium, consisting of • 
0.1 M K_HPO pH 7.5, 0.02 M KNO-, 0.5% polyvinyl-pyrrolidone 
Z /j, J 
(molecular weight 360;000); and 5.0% isopropanol. Each flask 
was then evacuated until the plant samples were thoroughly wetted 
and had sunk to the bottom of the flask. After releasing the 
vacuum, the flasks were wrapped in aluminum foil and incubated 
in the dark, in a 30°C water bath with gentle shaking, for 
15 hours. The reaction was stopped by adding i mi of 1% 
sulfamilamide (I gm in 75 ml H^ O and 25 ml conc. HCl), followed 
by 1 ml of N-l-naphthylethylenediamine dichloride. Nitrite 
was determined spectrophotometrically at 540 nm. Nitrate 
reductase in both leaf and root was expressed as micro-moles 
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of nitrite formed per gram of fresh tissue per hour. The 
data were analyzed using a split-plot design consisting of 2 
replicates (blocks), 3 light intensity treatments and 3 clones. 
Results 
Nitrate reductase activity in leaves 
The younger leaves (leaf age 10) of all the clones had 
higher nitrate reductase activities than the older leaves (leaf 
age 20) (Table 19). There were differences between the clones 
in mean nitrate reductase activities in both leaf ages 10 and 
20, and at all light intensities (Tables 19, 20 and 21), but 
the differences were not statistically significant. In general, 
the effect of light intensity during growth on nitrate reductase 
activity of the leaves did not follow a consistent trend. 
Nitrate reductase activities in the roots 
The roots contained less nitrate reductase activity than 
the leaves at all light intensities (Tables 19 and 22), but 
clonal differences in nitrate reductase activity were more apparent 
in the roots (Table 22). Clone 5326 had the poorest growth and 
the highest nitrate reductase activity under the lowest light 
intensity (37% full light) whereas clone 5323 had the best 
growth and the lowest nitrate reductase activity under the 
highest light intensity (Table 22), Also the effect of light 
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Table 19. Nitrate reductase activity (expressed as micromoles 
NO2 per hour per gram fresh weight of leaf) of 
Populus X euramericana leaves (ages 10 and 20) grown 
under different light intensities for 13 weeks. 
Each clonal value is a mean of 4 determinations. 
Light intensity 3; 75 lOO 
during growth 
Z full light (150*) (450*) (625*) 
Clone Leaf age 10 
-1 -1 
u moles NO2 hr g fresh wt. 
5321 10.0 12.5 3.2 
5323 7.1 8.9 10.4 
5326 5.2 4.9 4.2 
means 7.4 8.8 5.9 
Leaf age 20 
5321 2.7 6.6 2.9 
5323 7.6 2.3 5.5 
5326 8.8 2.6 6.8 
means 6.4 3.8 5.1 
A^verage light intensity u Einsteins sec  ^m ^  PAR taken 
at noon four times weekly. 
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Table 20. Analysis of variance of the effect of light intensity 
and clone on nitrate reductase activities in leaf 
age 10. 
Source d.f. mean square F-value Prob > F 
light intensity 2 218.28 0.13 0.87 
clone 2 5721.01 1.27 0.34 
light intensity x clone 4 1635.44 0.91 0.51 
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Table 21. Analysis of variance for the effect of light intensity 
and clone on nitrate reductase activities in leaf 
age 20. 
Source d.f. mean square F-value Prob > F 
light intensity 2 1761.68 50.50 0.01 
clone 2 696.99 1.88 0.23 
light intensity x clone 4 772.95 2.09 0.19 
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Table 22. Nitrate reductase activity (expressed as micromoles 
NO2 per hour per gram fresh weight of roots) of 
Populus X euramericana clones grown under different 
light intensities for 13 weeks. Each clonal value 
is a mean of 2 determination. 
Light intensity 
during growth 
% full light 
37 
(150*) 
75 
(450*) 
100 
(625") 
Clone u moles NO2 hr-^  g-1 fresh wt. 
5321 0.18 0.15 0.09 
5323 0.28 0.13 0.05 
5326 0.59 0.09 0.09 
means 0.35 0.12 0.08 
3 —1 —2 
Average light intensity u Einsteins sec m PAR taken 
at noon four times weekly. 
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intensity during growth on nitrate reductase activity was much 
greater in roots than in leaves (Tables 22 and 23). In all 
the clones, there was a decrease in nitrate reductase activity 
in the roots with increased light intensity during growth 
(Table 22, Figure 10). 
Discussion 
In this study, clones appeared to differ in nitrate reductase 
activities in both leaves and roots but variability was high. 
Clonal differences between poplar clones in nitrate reductase 
activities have also been reported by Dykstra (1972, 1974). 
Nitrate reductase is an inducible enzyme that responds to changes 
in nitrate status of the tree (Bar-Akiva and Sagiv, 1967; Frith, 
1972). Differences in nitrogen uptake and efficiency of dry 
in many tree species (Pritchett and Goddard, 1967), including 
Populus deltoides L. (Curlin. 1967). A better understanding 
of the relationship between nitrogen uptake and biochemical 
factors could provide useful criteria for rapid screening and 
selection of genotypes to be used in intensive silviculture. 
The clonal differences observed in this study suggest that 
nitrate reductase in poplar clones is partly under genetic control 
and that there are clonal differences in nitrogen assimilation 
capacity. Before clonal differences in nitrate reductase 
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Table 23. Analysis of variance of the effect of light intensity 
and clone on nitrate reductase activity in the roots. 
Source d.f. mean square F-value Prob > F 
light intensity 2 126799.74 7.07 0.12 
clone 2 22638.10 0.45 0.66 
light intensity x clone 4 35617.74 0.71 0.61 
Figure 10. Nitrate reductase (micromoles NO^  per gram fresh 
weight roots per hour) in the roots of Populus x 
euramericana clones grown under different light 
intensities for 13 weeks. 
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LIGHT INTENSITY DURING GROWTH % FULL LIGHT 
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activities can be used as a selection tool, however, considerably 
more work would have to be done. 
The younger leaves had higher nitrate reductase activity 
than older leaves (leaf age 20). Similar results have been 
reported for other plants. For example, Harper and Hageman 
(1972) found that in soybean (Glycine max. L Merr), nitrate 
reductase activities per gram fresh weight per hour were high­
est in upper leaves and generally declined basipetally. Lower 
nitrate reductase activity in older leaves may be due to a 
lowered capacity for protein synthesis in the older leaves. 
Leaf age 20 is a mature leaf, and most of its nitrogen is 
already incorporated into amino acids or proteins. Thus there 
is probably little free nitrogen in the leaf to induce nitrate 
reductase. Leaves of age 10, however, are still expanding and 
are characterised by high metabolic rates as indicated by high 
respiration rates, and are probably more actively importing 
photosynthate from other leaves (Larson and Gordon, 1969b). 
This may be accompanied by greater import of unreduced nitrogen 
from the roots. 
The roots had lower nitrate reductase activities than the 
leaves. This observation follows the trend reported in many 
annual crop plants. For example, Sanderson and Cocking (1964) 
demonstrated appreciable nitrate reductase in extracts from 
roots of several plant species. Activity of the root extracts. 
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however, was consistently lower than in the leaf extracts. 
Candela et al. (1957), Hageman and Flcsher (1960), Maretzkl and 
DelaCruz (1967), similarly reported only low levels of nitrate 
reductase in extracts of roots from cauliflower, corn and 
sugar cane. Not all investigators, however, have been able to 
detect nitrate reductase activity in the roots of woody plants. 
For example, Sanderson and Cocking (1964) were unable to detect 
nitrate reductase activity in the leaves or the roots of apple. 
However, Klepper and Hageman (1969) demonstrated that by using 
adequate levels of polyvinylpyrrolidone in the extraction medium, 
it was possible to extract nitrate reductase from apple leaves, 
stems, petioles, and roots. Because of the variation in composition 
of nitrogen and nitrogenous compounds in the xylem exudates. 
Pate (1971, 1973) has suggested that plants may be categorized 
as those which reduce nitrate in their roots (woody plants, 
e.g. field pea) and those which do not (herbaceous plants, e.g. 
Xanthium). Although field pea forms wood, it is usually con­
sidered an annual plant. 
The distribution of nitrate reductase activities in poplar 
clones as reported in this study, shows that both the roots and 
the leaves have nitrate reducing capability and indicates that 
at this stage of tree development most of nitrate is probably 
reduced in the leaves. This does not follow the woody plant 
model •' proposed by rate, nor does it conform with the obser­
vation that most nitrogen in the xylem sap of woody plants is 
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in organic combination (Zimmermann and Brown, 1971). ïhe plants 
used for this assay were grown on a high nitrate medium, so 
most of the nitrogen absorbed would probably have been as 
nitrate, whereas, in case of forest trees, the nitrogen is likely 
taken up as ammonium nitrogen from forest soils. This ammonium 
nitrogen conceivably can enter into transamination reactions in the 
roots, thus perhaps explaining why the nitrogen in xylem sap 
of woody plants is mainly in organic combination. 
The decrease in nitrate reductase with increased growth and 
increased light intensity during growth may be due to the fact 
that with increased light intensity during growth, there is a 
corresponding increase in growth and probably increased protein 
synthesis. This means that more nitrate is incorporated into 
amino acids and protein, leaving little free nitrate for the 
induction of nitrate reductase. This may also explain why clone 
5323, which had the best growth, had the lowest nitrate reductase 
in the roots when grown at the highest light intensity. 
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SUMMARY AND CONCLUSIONS 
The primary objective of the three studies reported in this 
dissertation was to provide information which could be used 
to choose poplar clones that are more adapted to shading and thus 
could be used in mixed stands. The growth responses of these 
clones to light intensity in controlled environment were deter­
mined in studies I and II. Clone 5323 consistently grew best 
under the different light intensities. Whereas clone 5321 can 
tolerate some shading, clones 5326 and 5328 apparently were 
intolerant of shade. The clonal differences in growth could 
be partly explained by the clonal differences in photosynthetic 
efficiency and capacity as reported in study II. Clone 5326 
had the lowest photosynthetic efficiency of all the clones. 
Leaf age 20 of clone 5323 consistently had higher photosynthetic 
races per unit leaf area than all other clones grown under all 
light intensities, and leaf age 10 of clone 5321 had the highest 
photosynthetic efficiency of all the clones when grown under 
the lowest light intensity (37% full light). 
The effect of light preconditioning treatment was even 
greater on per plant photosynthetic rates. In general, clones 
grown under low light intensity had lower per plant photosyn­
thesis rates than clones grown under the high light intensities. 
The observed clonal differences in growth under the different 
light intensities follow the same trend as the clonal differ­
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ences in per plant photosynthetic rates. Clone 5326 which had 
the least growth had the lowest per plant photosynthetic rates. 
Although clone 5321 had per plant photosynthetic rates comparable 
with those of clone 5323, clone 5321 consistently had higher per 
plant dark respiration rates. Clone 5323 had better growth than 
clone 5321, probably because clone 5323 was able to partition 
more of the photosynthesis-respiration differential into dry 
matter accumulation. 
In study III, I found that there were clonal differences 
in nitrate reductase activities of the leaves and roots. The 
leaves of all the clones had higher nitrate reductase activities 
than the roots. Also leaf age 10 had higher nitrate reductase 
activity than leaf age 20 in all clones under the different light 
intensities. The clonal differences in this enzyme activity 
suggest that there are probably differences between the clones 
in nitrate assimilation and reduction capacity, but further study 
will be needed before this is proven. 'When the plants were 
grown under the lowest light intensity, the roots of clone 
5326 (the clone that had the poorest growth) had the highest 
nitrate reductase activity; when che clones were grcn^ n uûder 
the highest light intensity, the roots of clone 5323 (the clone 
with the best growth) had the lowest nitrate reductase activity. 
It therefore seems that because clone 5323 had a higher rate 
dry matter accumulation, its nitrogen is more in the bound 
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form (i.e., in amino acids and protein) with less free nitrate 
for induction of nitrate reductase activity, than in other 
clones with lower rates of dry matter accumulation. The nitrate 
reductase in the roots of all the clones decreased with increased 
light intensity during growth. This also may have been caused 
by more nitrogen being incorporated into amino acids and pro­
teins at high light intensities leaving little free nitrate 
available for the induction of nitrate reductase. More work 
will have tc be done before nitrate reductase activity can be 
used as a selection criterion. The observed clonal differences, 
however, indicate that nitrate reductase is partly under genetic 
control and, therefore, could be used as a clonal selection criterion 
if further studies are carried out. 
The studies reported in this dissertation were conducted 
under a controlled environment. Ideally, these studies should 
be replicated and tested under field conditions to find out if 
controlled environment studies of the relationship between growth 
and light intensity can be used to predict field performance 
of the clones. However, results presented by Hennessey and 
Gordon (1974) indicate that controlled environment growth of some 
Populus clones can be used in some situations to predict field 
performance. Also, it is not known if short term juvenile growth 
rates will continue to be expressed over longer rotations. 
This can be clarified by growing the clones in the field and 
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observing whether their growth rates change relative to each 
other from growing season to growing season. 
Although Bohning and Bumside (1956) have mentioned that 
sweeping ecological inferences should not be drawn from limited 
laboratory measurements of plant physiological responses to 
shading, the following conclusions can be drawn from the studies 
contained in this dissertation: 
1. Populus clones differed in growth response to light 
intensity. 
2. Differences among the clones in growth and distribution 
of photosynthate suggest that clone 5323 may possess 
a metabolically superior genotype, capable of respond­
ing well to a wide range of light conditions and, there­
fore, would be especially useful in dense stands or in 
admixture with clones that are superior when grown at 
high light intensities, such as clones 5326 and 5328. 
Clone 5321 also does relatively well at low light 
intensities and might also be useful in mixtures or 
as replacement stock in established stands. 
3. There are clonal differences in root system size and 
configuration. Field experiments to test effects of 
root zone competition in growth response of these 
clones will be necessary before definite planting 
recommendations can be made. 
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The clones differ in photosynthetic response to light 
intensity. The ability of clone 5323 to grow more 
than the other clones under the various light inten­
sities is probably partly due to the ability of the 
leaves of this clone to maintain a higher photosynthetic 
capacity than the other clones over a longer time. 
In all the clones leaf age 20 had higher photosynthesis 
rates per unit leaf area and lower dark respiration 
than leaf age 10. 
Photosynthesis rates per plant follow the same trend 
as growth. In general, clone 5326 which had the least 
growth, had the lowest per plant photosynthesis under 
all light intensities. Although clone 5321 had per 
plant photosynthetic rates comparable with those of 
clone 5323, clone 5323 had better growth at high light 
intensities, probably because of its ability to divert 
more of its photosynthesis-respiration differential 
into dry matter production. 
The light preconditiong treatment affected both the 
per plant photosynthesis and dark respiration. In 
all the clones, plants grown under lower light inten­
sities had lower per plant photosynthesis rates than 
plants grown under higher light intensities. With 
increased light intensity during growth, there was a 
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corresponding increase in dark respiration rates of 
the clones. 
8. There were apparent clonal differences in nitrate 
reductase activities in both leaves and roots of the 
Populus clones at all light intensities and the leaves 
had higher nitrate reductase activity than the roots 
of all the clones. 
9. The effect of light intensity on nitrate reductase activi­
ties was more apparent in the roots. In general, 
with increased light intensity during growth, there 
was a decrease in nitrate reductase activity in the 
roots. When grown under the highest light intensity, 
clone 5323, which had the best growth, had the lowest 
root nitrate reductase activity. When grown under the 
lowest light intensity, the roots of clone 5326; which 
had the least growth, had the highest nitrate reductase 
activity. Clonal differences iz nitrate reductase 
activity suggest that his enzyme is partly under genetic 
control and, therefore, could possibly be used as a 
selection criterion for Populus clones, but further 
study is needed, particularly to reduce variability 
in the nitrate reductase assay and to further define 
environmental influences on nitrate reductase activity. 
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